Introduction
The type II secretion system (T2SS), also known as the main terminal branch of the general secretory pathway (GSP), is utilized by many Gram-negative bacteria to translocate folded proteins across the outer membrane from the periplasm to the extracellular milieu. This system is a major virulence factor, responsible for the translocation of a variety of proteins that mediate pathogenic effects including the pore-forming toxin aerolysin of A. hydrophila (16), cholera toxin of V. cholerae (43) and the heat-labile (LT) toxin of enterotoxigenic Escherichia coli (ETEC) (53).
Proteins destined for T2SS secretion are transported across the inner membrane via the Sec (38) and Tat (54) pathways into the periplasm. Once in the periplasm the T2SS, a complex composed of 12-16 proteins that spans the periplasmic space, functions in extrusion of the folded protein substrate through the megadalton-sized outer membrane complex (the secretin)
composed of 12-14 GspD monomers (4). Transport of the protein through the pore created by the secretin could involve extension and retraction of a pseudopilus structure composed of GspG-K that is anchored to an inner membrane platform complex composed of GspE, F, L, and M (2, 19, 23, 37, 39). In this way, the pseudopilus may act as a piston to push folded proteins located in the periplasm through the pore of the secretin multimer. Energy required for this process is presumably provided by the ATPase function of GspE (7) and in some species including the Aeromonads, energy derived from the proton motive force is also required (24). Other members of the T2SS include the substrate specificity selector protein GspC (10), the small outermembrane lipoprotein GspS pilotin that is required for secretin assembly in some bacteria and functions in protecting the secretin from proteolytic degradation (13, 48) and a prepilin peptidase (GspO or provided by a type IV pilin assembly system) involved in proteolytic processing of prepilin subunits during assembly of the pseudopilus (51).
Members of the Aeromonas and Vibrio genera are significant human and animal pathogens. These species, classified as part of the same clade of gammaproteobacteria (55),
include Vibrio cholerae that is the causative agent of the gastrointestinal disease cholera, and the fish, amphibian and opportunistic human pathogen A. hydrophila. The T2SS encoded within these species is composed of Gsp proteins C-N, the prepilin peptidase TapD, and an additional set of proteins GspA and GspB but no identifiable GspS homologue (20, 21, 35). The GspA and GspB proteins encoded in Aeromonas hydrophila and Vibrio cholerae are alike, with GspA proteins being 40% identical and 54% similar and GspB proteins 27% identical and 44% similar.
Interestingly, V. vulnificus encodes a 718aa protein that contains a GspA domain within the Nterminal 530 aa of the protein and a GspB domain within the C-terminal 188aa (Figures S1 and S2). Identification of a GspAB fusion protein is perhaps not surprising since according to the "Rosetta Stone" hypothesis for evolution of protein interactions, a propensity exists for interacting pairs of proteins to evolve into one protein because fusion greatly increases the affinity of each protein for the other and is therefore thermodynamically favourable (27).
Previous studies of the 60kDa ExeA (GspA Ah ) and 25kDa ExeB (GspB Ah ) proteins in A.
hydrophila demonstrated the requirement for co-ordinated expression of both GspA Ah and hypothesis is that the GspAB complex in some way modifies or organizes the peptidoglycan (PG) to allow assembly of the GspD secretin, a function presumably necessitated by the 50kDa size constraint imposed by the peptidoglycan mesh (9).
As described above, GspAB Ah is required for transport and assembly of the secretin in A.
hydrophila. In other bacteria with a functional T2SS however, the role of the GspAB complex remains unclear. In some bacteria no identifiable GspAB homologue is present, in other bacteria a GspB but no GspA is present (8) and in others GspAB homologs have been identified in silico but have not been studied with respect to their role in T2SS secretion or secretin assembly.
In this study, we sought to ascertain the involvement of the GspAB complex in assembly GspAB of Vibrios facilitates the assembly of the secretin, however unlike in the Aeromonads, other unidentified factors may exist that provide redundancy for secretin assembly in the Vibrios.
Materials and Methods
Bacterial strains, plasmids and growth conditions. The strains and plasmids used in this study are shown in parahaemolyticus until mid to late logarithmic phase of growth. E. coli strains S17-1 and XL1-Blue were cultured in brain heart infusion (BHI) and LB respectively. Antibiotics were used at the following concentrations: rifampicin (rif), 50µg/mL; kanamycin (kan), 50µg/mL; chloramphenicol (chl), 1.25 µg/mL and streptomycin (str), 20µg/mL. then centrifuged at 21000 x g for 5 min and 400µL of supernatant was recovered. An equal volume of 1M NaOH was added to the supernatant and the absorbance at 450nm was determined. Units of protease activity are expressed as the change in absorbance at 450nm/hour.
To conduct the toxin B subunit secretion assay, the etxB-expressing plasmid pMMB68
that encodes the B-subunit of the heat-labile enterotoxin of E. coli was introduced into V.
cholerae strains Bah2R and Bah2-gspA strains by conjugation. Strains were grown in M9
medium (28) The exchange of alleles was verified by PCR.
Marker exchange mutagenesis of Vibrio species was conducted as described above except that 2100-3300bp fragments containing all or part of gspAB were amplified from the following species using specific primer sets: UR70 (gaatttgaggtcagctatccga) and UR71 gspA::kan fragments were transferred into pMRS101 from pSK using BamHI/ApaI sites for V.
vulnificus and V. parahaemolyticus gspA::kan and BamHI/SalI for V. cholerae gspA::kan.
The A. hydrophila gspAB clone pRJ31.1 was described previously (20). A 5.6kb EcoRI fragment containing the entire gspAB operon of V. cholerae including the presumed promoter was cloned into pMMB207 to create plasmid pMMB/gspAB Vc . The plasmids were conjugated into V. cholerae and A. hydrophila strains from E. coli S17-1 as described above for complementation assays.
Immunoblotting.
GspD multimeric and monomeric protein forms were detected by immunoblot analysis of whole cell samples taken from liquid culture. Samples were electrophoresed in a 3-8% SDS gradient PAGE gel (Biorad), until an 84kDa protein standard is approximately 1cm from the bottom of the gel, and transferred to PVDF membrane. The amount of sample loaded was normalized such that 5µL of a sample consisting of equal parts of 2x sample buffer and culture grown to an optical density at 600nm of 2.0 was loaded for electrophoresis with the exception of Fig. 2 in which samples were normalized according to the optical density at 600nm shown. Proteins were visualized using primary rabbit anti-GspD Ah (18) or rabbit anti-GspD Vc antisera, a peroxidase-conjugated anti-rabbit IgG secondary antibody (Sigma) and a chemiluminscent substrate (GE healthcare) detected with Hyperfilm (GE healthcare). GspD Vc antibodies were raised in New Zealand White rabbits by using purified EpsD(His) 6 monomers according to the method of Harlow and Lane (14).
Statistical analysis
An unpaired two-sided student's t test was used for all statistical analysis. Values were considered significantly different at P<0.05.
Results

T2SS function and secretin assembly are abrogated in A. salmonicida gspA mutants.
To investigate the importance of GspAB in assembly of the secretin in A. salmonicida we constructed a gspA mutant of As449 by marker exchange mutagenesis and determined the assembly and function of the T2SS by immunoblot detection of the GspD secretin and assay of on September 13, 2017 by guest http://jb.asm.org/ Downloaded from culture supernatants for glycerophospholipid:cholesterol acyl transferase (GCAT) activity using the lipase assay. GCAT is a protein known to be secreted by the T2SS (5).
The GCAT assay results indicated that secretion was severely affected by the loss of GspA As , as evidenced by the low lipase activity in culture supernatants from As-gspA in comparison to that from AsR ( Table 2 ). As expected from previous results in A. hydrophila, the loss of T2SS function in the A. salmonicida gspA mutant was accompanied and presumably caused by the failure to assemble the GspD secretin. The amount of secretin multimer from whole cell samples was almost nonexistent in the gspA mutant when compared to wild-type (Fig   1) . Although a small amount of multimer was evident in concentrated samples of the gspA strain, the amount was negligible in comparison to wild-type ( Fig.1 lanes 3 and 4) . It should be noted that the failure to assemble the secretin multimer in A. hydrophila gspA mutants is accompanied by the accumulation of monomer GspD in the inner membrane (3), although in A. salmonicida no accumulation of the monomer could be observed in the gspA mutant. This may result from degradation of the monomer when it cannot be assembled into the multimer in A. salmonicida.
These results clearly demonstrated the essential requirement for GspAB in the assembly of the secretin in A. salmonicida, and suggested that the absolute requirement for GspAB in secretin assembly is not specific to A. hydrophila but is a characteristic of the Aeromonads.
Mutation of gspA has a minor affect on secretion of T2SS substrates in Vibrio species but significantly decreases GspD multimer formation.
In order to examine the involvement of GspAB in secretin assembly in Vibrio species, the gspAB genes were cloned and gspA mutant strains constructed for each of V. cholerae, V.
parahaemolyticus and V. vulnificus by marker exchange mutagenesis. To investigate T2SS function in the V. cholerae ctxAB strain, we introduced a plasmid-encoded copy of the on September 13, 2017 by guest http://jb.asm.org/ structurally similar cholera toxin B-subunit (CtxB) homologue heat-labile E. coli enterotoxin B subunit (EtxB) (50) into wild-type and gspA strains. EtxB has been extensively studied and has previously been shown to be secreted by the T2SS in V. cholerae (33).
In marked contrast to the requirement for GspAB in assembly of the secretin in A.
hydrophila (3), and A. salmonicida (Fig. 1) mutation of gspA had a modest effect on T2SS secretion in Vibrio strains. The V. cholerae gspA mutant (Bah2-gspA) secreted an equivalent amount of the EtxB subunit in comparison to the parent strain (Table 3) . Similarly, as shown in Table 2 , Bah2-gspA secreted equivalent amounts of lipase activity and 26% lower levels of protease activity when compared to the wild-type. Similar results were obtained for V. cholerae TRH7000 and TRH7000 gspA strains (data not shown).
Lipase, protease and amylase activities in culture supernatants of the V. vulnificus gspA mutant (Vv-gspA) were not significantly different from that observed in supernatant from wildtype culture (Table 2 ). Lipase and amylase activities were detected in V. parahaemolyticus culture supernatants, and the gspA mutant (Vp-gspA) secreted 24% less lipase activity than wildtype and an equivalent amount of amylase activity in comparison to wild-type.
Although mutation of gspA had a minimal effect on secretion of T2SS substrates, a substantial reduction in the amount of assembled gspD secretin was observed in the gspA mutant of V. cholerae ( Fig. 2A) , V. parahaemolyticus (Fig 2B) and V. vulnificus (Fig. 2C) buffer. At each point in the growth curve a lower amount of assembled secretin and increased amount of unassembled GspD monomer was observed in samples taken from the gspA mutant compared to the wild-type (Fig. 2) . This phenotype could be complemented in V. cholerae since secretin levels increased in response to expression of gspA Vc in trans, but only if the complementing plasmid also encoded gspB Vc (Fig. 3) . Apparently the gspA mutation also decreased the level of GspB in the cell, either through a direct polarity effect, or possibly because GspB is unstable in absence of GspA, as was previously found in A. hydrophila (18). In any case, this result confirmed the involvement for both GspA and GspB in secretin assembly.
The V. cholerae T2SS exhibits excess secretion capacity
The absence of GspAB Vc in V. cholerae resulted in a substantial decrease in secretin assembly ( Fig. 2A ) that was not accompanied by a concomitant decrease in lipase and protease activities in culture supernatants (Table 2 ). This result suggested that either the lipase and protease assayed in culture supernatant are not substrates of the T2SS, or that wild-type levels of secretin are not required for efficient secretion of lipase and protease from the cell. The lipase and protease are indeed substrates of the T2SS, because these activities were nearly absent in supernatants from a culture of V. cholerae TRH7000 gspD (Fig. 4) . In order to assay secretion capacity, the same strain was complemented by expression of gspD in trans at various levels of induction. The results, shown in Fig. 4 , revealed that a relatively low level of secretin in comparison to the amount expressed in wild-type cells is sufficient for full secretion, since wildtype levels of lipase were present in supernatants from cells without induction (Fig. 4B ) and wild-type levels of protease were present in supernatant from cells induced with 0.002mM IPTG (Fig. 4C ). In the absence of induction and at an induction level of 0.002mM IPTG, much less secretin was observed in the complemented gspD strain than in wild-type cells (Fig. 4A ). These on September 13, 2017 by guest http://jb.asm.org/ data demonstrate that at least under the growth conditions used in these experiments, there is a natural overexpression of the secretin relative to the amount of extracellular secretion, such that more secretin is assembled than is required for secretion of substrates into the media, a situation that may exist due to differential expression of genes that encode the T2SS and the substrates of the system.
V. cholerae GspAB partially complements the secretin assembly and secretion defects of A.
hydrophila gspA mutants.
The secretion and secretin assembly results suggested that although the Vibrio GspAB is not essential for function of the T2SS, it is nevertheless involved in assembly of the secretin.
Another approach to elucidate the function of GspAB in Vibrio species would be to determine if (Fig. 7) . Likewise, the amount of lipase activity in Ah65(pMMB/gspAB Vc ) culture supernatant was significantly decreased upon induction of gspAB Vc with 0.1 mM IPTG to 45% (Fig. 6 ) that of lipase activity in Ah65 culture supernatant.
Discussion
In Gram-negative bacteria that contain a T2SS, the presence of the gspAB operon in addition to the set of "core" gsp genes is not well conserved, therefore suggesting that the role of GspAB is not integral to assembly of the T2SS. However, in some bacteria that contain gspAB We demonstrated a requirement for GspA As in assembly of the secretin in A. salmonicida.
A significant reduction in lipase activity (75%) was detected in the gspA mutant in comparison to wild-type (Table 2) presumably caused by the lack of assembled GspD secretin multimer observed in the gspA strain (Fig. 1) . This finding is consistent with that described by Ast et al.,
(3) whereby loss of the GspAB Ah complex abrogated both secretion of aerolysin and assembly of the secretin multimer in A. hydrophila. Together, these data suggest that GspAB is generally required for assembly of the GspD secretin in Aeromonas species.
Surprisingly, we found that contrary to the essential role of GspAB in assembly of the secretin in Aeromonas species hydrophila (3) and salmonicida ( Fig. 1) , GspAB is not an absolute requirement for function of the T2SS in Vibrios because mutation of gspA (which also apparently inactivated gspB, see (Table 2) and EtxB (Table 3) in V. cholerae, V. parahaemolyticus and V. vulnificus species. However, although the secretion of T2SS-substrates remained largely unchanged in gspA compared to wild-type strains, we did find a significant reduction in the amount of assembled secretin multimer in the absence of GspAB in V. cholerae, V.
parahaemolyticus and V. vulnificus (Fig. 2) . The dichotomy that substantial decreases in secretin mulitmer formation had only minimal effects on secretion can be explained by an apparent excess in T2SS secretion capacity at normal GspD levels, since minimal expression of gspD was shown to fully complement secretion in the V. cholerae gspD mutant (Fig. 4) . In any case, the significant reduction in assembled secretin multimer in the absence of GspA suggested that the GspAB complexes of the Vibrio strains perform an important role in assembly of their respective secretins.
In order to more definitively determine if GspAB performs the same role in Vibrios as in Aeromonads, we expressed a plasmid-encoded copy of gspAB Vc in the A. hydrophila gspAB strain C5.84 and asked if GspAB Vc could complement the secretin assembly-negative and secretion-negative phenotypes of this strain. Expression of GspAB Vc re-established assembly of the GspD Ah secretin multimer (Fig. 5A ) and secretion of T2SS substrates aerolysin (Fig. 7) and lipase ( Fig. 6) When expressed in wild-type strain Ah65, expression of GspAB Vc decreased the amount of assembled secretin (Fig. 5B) and secretion of T2SS-substrates (Fig. 6) Ah immunoblot of 0.5 and 5-fold concentrated whole cell samples taken from AsR and As-gspA strains grown in liquid culture to an OD 600 of 2.0. Locations of pre-stained standard protein markers and the GspD As secretin multimer are given. 
